Modern man is being confronted with an ever-increasing inventory of potentially toxic airborne substances. Exposures to these atmospheric contaminants occur in residential and commercial settings, as well as in the workplace. In order to study the toxicity of such materials, a special technology relating to inhalation exposure systems has evolved.
Introduction
Technology has led to an increase in the amount and variety of compounds in the breathing zone of modern man. The effects of exposure to these compounds can be predicted to some degree by laboratory toxicological evaluations. While the problems of ingestion of toxic materials in foods and water are well known, the insidious nature of man's exposure via the respiratory tract is not so well understood. In order to simulate man's environment for laboratory study, a special technology has evolved relating to design of environmental animal subjects. This paper emphasizes the design and use of systems for controlled exposure to both airborne gases and particulate materials. Operational procedures, generation of exposure atmospheres, and sampling and characterization methodology are only briefly mentioned. The organization is by mode of exposure, including immersion of whole animals in chambers, exposures of the head only, exposures of the nose or mouth only, lung only, and partial lung exposures. Each of these modes of exposure has its own advantages, disadvantages, areas of application, and special design requirements. The objectives and available resources of a particular toxicologic investigation will determine the exposure method of choice.
The primary purpose of an inhalation exposure system is to provide a controlled, characterized delivery of *Air Pollution Health Effects Laboratory, Community and Environmental Medicine, University of California, Irvine, CA 92717.
tMedical Department, Brookhaven National Laboratory, Upton, NY 11973. airborne material to the respiratory system. Duration of exposures ranges through single acute exposures lasting minutes, to repeated and continuous exposures lasting months or perhaps years. Exposure may be to airborne material in physical states ranging from subatomic (ions, for example) to complex mixtures of gases and particles in both the solid and liquid state. In most inhalation studies it is desirable, but not always possible, to eliminate or limit exposure through skin, eyes, contaminated food, or other nonrespiratory pathways.
Exposure systems tend to become more complex when 'used for longer term exposures, especially when they must also serve as housing for animals. Criteria for animal housing are set forth in a guide for the care of laboratory animals, published and updated periodically by the U. S. Department of Health and Human Services (1) . The air supply to any exposure system should be clean, except for intentional materials, maintained at a comfortable temperature, relative humidity and air velocity, and should not contain excessive amounts of waste products such as ammonia and carbon dioxide. For conscious animals, the exposure environment should be humane with respect to noise, vibration, lighting and freedom of movement. Environmental stresses can compromise experimental data by modifying the response of the animal. In short, unintentional stresses should be eliminated or at least minimized.
Control and characterization of the exposure atmosphere implies accurate monitoring and sampling in the breathing zone, either continuously, or frequently enough to define the exposure history. Determination of actual dose to the animal usually necessitates direct assay of exposed tissues; the simple product of airborne concentration and duration of exposure is seldom adequate, especially when airborne particles are present. The problems in aerosol characterization are formidable and the introductory works by Mercer (2) and Silverman, Billings and First (3) The choice of species is often made on the basis of an ability to extrapolate the experimental results to man. However, choice on this basis alone is difficult, since the validity of such extrapolations is often questionable. The experimental objectives, the comparative morphology of the respiratory tract, the presence or absence ofendemic infection, ventilation characteristics, and the similarity of physical, biochemical and physiological responses are all factors to consider when attempting to extrapolate animal experimentation data to man. Unfortunately, selection of a test animal is quite often based on more pragmatic criteria such as the size of the test animal, the expected incidence of effect which determines the number of animals to be exposed, and principally, for chronic inhalation studies, the cost of maintaining the animals over a long period of time. Hammond (7) , in his review of the use of animals in toxicological research, suggested that, for general screening, multiple species testing may be more constructive than to search for a single best species. This approach has been followed by many facilities performing inhalation studies. At the University of Rochester, rats, dogs and monkeys were each exposed to uranium dioxide (8) . In earlier studies with various other uranium compounds, dogs, rats, rabbits and guinea pigs were exposed (9) . At the Navy Toxicology Unit rats, guinea pigs, monkeys, dogs, and mice have been used in inhalation studies (10) . At the Lovelace Foundation, rats, mice and dogs have been used (11, 12) . Hueter and co-workers (13) , in a study of automobile exhaust, exposed mice, rats, hamsters and guinea pigs; a later study by Hinners et al. (14) involved exposure of dogs, guinea pigs, rats and mice. In the pulmonary carcinogenesis studies at New York University (15) , two species of rodents, rats and hamsters, were utilized. The rat has a comparatively diseased lung and is susceptible to many human diseases. Conversely, the hamster has a cleaner lung, and even in old animals the incidence of respiratory infection is low. Both static and dynamic systems have been used to assess inhalation toxicity. In a static system, an agent is introduced into a chamber as a bolus, and is subsequently mixed. Static systems are limited by two factors-the loss of material onto surfaces, and the finite volume of the chamber-and are not generally used to assess inhalation toxicity. Most inhalation facilities today use dynamic systems in which the airflow and the introduction of agents are continuous (Fig. 1) . The chambers are usually square or hexagonal in cross section, with pyramidal top and bottom sections. Air is introduced at the top, either vertically or tangentially. Pollutant is generally introduced perpendicular to the airstream, with mixing occurring in the top cone. The air usually flows turbulently past the animals and is removed at the bottom. In such systems many factors, including wall loss, animal uptake, variations in flow, etc., can contribute to differences between the theoretical and actual concentrations of pollutants in the chamber. Therefore, these concentrations should always be measured by appropriate instruments that sample from the breathing zone. The dynamics of this type of system were examined and described by Silver (17) .
Types of Inhalation Tests
The equilibrium concentration of any material in a chamber operating under dynamic conditions is a function of the amount of material entering the chamber and the quantity of air passing through the chamber. The buildup and removal of material is a logarithmic function of the air turnover rate (Fig. 2) . The buildup and decay equation has the general form:
where x is the percent equilibrium attained in time t, K is a constant dependent upon x, a is the volume of the chamber and b is the chamber flow rate. For a condition of 99% equilibrium, K is 4.6; for 95% of equilibrium, K is 3. The concentration of a pollutant in a chamber during a typical exposure is shown in Figure 3 . In general, the duration of the exposure is the time interval from ta to tb, which is long compared to tgg. The exposure after tb is small and is nearly equal in area to the exposure lost during the period of buildup of the material in the chamber. These buildup and decay effects must be considered, however, when exposures of short duration are contemplated.
Whole Body Exposures
A multitude of published works exist in which specific exposure systems are described. Those cited here are only a sample of the available references. The more comprehensive reviews and some unique systems are cited here (14, (18) (19) (20) (21) (22) (23) (24) (25) (26) . Whole body exposures are usually carried out in stainless steel and glass chambers operated under dynamic conditions. A typical chamber with its supporting components is shown in Figure 1 . The hexagonal (cross section) University of Rochester chamber (Fig. 4) described by Leach et al. (27) (28) . Long-term (165 day) continuous housing of monkeys, dogs, rats and mice in the chambers reportedly had no significant effects on growth, organ weights, or a variety of blood chemistry/hematology determinations (29) . Spherical chambers (6 ft in diameter) for exposure of large numbers of small animals (100 hamsters) were described by Stuart (30 Most inhalation system designs feature vertical airflow with cones at the inlet and outlet ends of the chamber in order to insure good aerosol distribution throughout the exposure zone. A multi-tiered inhalation exposure system has recently been developed by Ferin and Leach (33) that features horizontal airflow, preventing animal cages on lower tiers from being contaminated by the animal by-products (hair, infectious agents, ammonia, etc.) originating at higher levels. The aerosol characteristics, including aerosol uniformity and losses, were similar to those obtained in tests with Rochester-type hexagonal cross section chambers.
Advantages of whole body exposure systems include: adaptability to a large variety and large number of animals exposed either simultaneously or separately; capability for housing animals exposed either simultaneously or separately; capability for housing animals for long periods under exposure conditions, lack of restraint or anesthesia during exposure, and the existence of a relatively large data base for this type Chamber air should be cleaned and conditioned and temperature and humidity should be controlled. Spatial uniformity of airborne materials is usually achieved by by fitting the chamber with cone-or pyramid-shaped entry and exit sections (14, 21, 23, 27) . Uniformity is also achieved by proper injection and mixing of materials into the chamber air. The effects of various injection modes was described by Carpenter and Beethe (34) . Venturi sections and mixing chambers may be necessary (27) 
Head-Only Exposures
Head-only exposure systems are typified by those described by Stuart (30) Uniformity of exposure from one animal to another may be achieved by maintaining adequate dispersion and a large throughput of air to prevent animals from breathing from a depleted zone. When the head-only exposure is from a chamber, distribution of material in the chamber must be uniform. Helmet exposures may also require large air flows to prevent condensation of expired water vapor, buildup of expired products, or depletion of the exposure atmosphere. As animals inhale and exhale, large pressure fluctuations may occur in the system. Raabe (37) described placement of a spirometer in parallel with the animal that can reduce these fluctuations and also provide a record of the breathing pattern during exposure. As in chamber exposures, losses and sampling of the exposure atmosphere must be carefully considered to insure adequate definition of the exposure. Environmental considerations include proper air temperature and humidity, control of carbon dioxide, and control of noise and vibration. Physical comfort of the animal requires a tolerable seal around the neck. Two systems in use are inflatable collars (12, 35) and thin rubber membranes having a small hole that stretches to accommodate the neck. A wide, soft support beneath the neck may be necessary to prevent choking the animal.
During exposure of unanesthetized animals, restraint additional to that about the neck may be necessary. For large laboratory animals, comfortable slings and padded stocks may be useful (11, 38) . A struggling, restrained animal may rapidly develop very high body temperature, and anesthesia or sedation should be considered.
Nose/Mouth-Only Exposures
Inhalation exposures limited to either the nose or oral cavity are usually accomplished by using masks, catheters in the nose or individual tubular containers with one end open to the exposure atmosphere. Mask-type exposure, usually limited to relatively large animals (e.g., dogs), is described by Bair et al. (39) , Boecker, Aguilar and Mercer (11) . Cuddihy and Boecker (40), Frank and Speizer (41) and Poynter and Spurling (42) . Masks used for pulmonary function testing of dogs, but suitable for inhalation exposures, are described by Dubin and Morrison and for ponies by Mauderly (44) . Nasal tubes for inhalation exposure of donkeys are described by Albert et al. (45) . Battista (18) discusses a mask used on the chicken. Restraint of masked, unanesthetized large animals is typically by sling (11) or stocks (38) .
Tubular holders and delivery systems for nose-only exposure of rodents are described by Henderson (46) , Raabe et al. (47) and Smith and Spurling (26) . Perforated metal holders for small rodents, as described by Brar et al. (48) , can reduce the stress due to a buildup of body heat during exposure. Mauderly and Tesarek (49) describe alterations in pulmonary function induced by the restraining devices used in inhalation exposures. In the past, these systems were not considered for chronic exposures because of stress induced by confinement. Recently, Smith et al. (50) reported that rats and hamsters can be confined in nose tubes 6 hr/day, 5 Clean air (14, 20, 33) Inert materials (21, 23) Losses (21, 23) Even pollutant distribution (14, 23, 27) Sampling (2, 3) Animal care and observation (1, 14, 23, 27, 32) Noise, vibration, temperature and humidity (1, 14, 20, 21) Exhaust air treatment General design considerations are similar to those of the head-only systems. Mask design presents some additional special problems. Masks should be comfortable, seal tightly, and allow for collection or drainage of saliva. Successful masks or nasal tubes are usually carefully handmade and the literature contains some useful designs and descriptions (18, 39, (43) (44) (45) . Inhalation exposure masks may also be used for pulmonary function testing, provided the seal is good and the dead space is reasonably small. Perforated metal tubes that conduct away body heat and permit direct ventilation of the animal can be used for holding animals. Glass, plastic and even solid metal tubular enclosures can lead to excessive body heating within minutes of introducing the animals into the tubes.
Lung-Only Exposures
Exposure via direct inhalation through intratracheal tubes is reported by Auerbach et al. (51) Insufflation of aerosol directly into the lung through intratracheal catheters was used by Bianco et al. (54) in studies with radioactive tantalum aerosol. Pulsed insufflation from a compressed-air dust elutriator was in synchrony with spontaneous inspirations.
A technique for performing chronic tracheostomies in laboratory animals is described by Thilenius and Vial, but an undesirable effect of tracheostomy in dogs, viz., altered brain temperature, is reported by Baker, Chapman and Nathanson (56) .
The lung may be directly exposed through conventional intratracheal tubes or via tracheostomies (18, 51, 52 This paper has been written to acquaint the reader with the various techniques for exposing live animals to airborne agents. Emphasis has been placed on the specific requirements for the whole body exposure, head only exposure, nose exposure, exposure by nose or tracheal cannulation and finally, exposure to specific loci in the lung using tracheal cannulation procedures. Use of all of these techniques requires highly skilled personnel. In all cases, the actual concentration of test material should be characterized by making measurements of concentration and particle size during the actual exposures. Finally, care must be taken that these studies are performed in a humane and ethical manner.
